Abstract-An analytical method was developed to measure levels of anthracene (ANT) and its derivative compounds 9,10-anthraquinone (ATQ) and eight hydroxy-anthraquinones (hATQs) in seawater from Tokyo Bay and Suruga Bay, Japan. The hATQs produced through photochemical reaction of ANT are known to be toxic. Seawater samples contained ANT at levels ranging from Ͻ0.2 to 4.7 ng/L, ATQ from 3.9 to 200 ng/L, 1-hydroxyanthraquinone (1-hATQ) from Ͻ0.9 to 5.3 ng/L, and 2-hATQ from 1.6 to 5.5 ng/L. The yeast two-hybrid system was also used to evaluate the estrogenic activity of these compounds. Estrogen agonist and antagonist tests with or without rat liver S9 were carried out. Some compounds showed estrogenic activity: The strongest (2-hydroxyanthraquinone) was of similar potency to p-nonylphenol. Concentrations of some estrogenic derivatives in the samples were higher than those of the parent ANT. Polycyclic aromatic hydrocarbons (PAHs) such as ANT appear able to be transformed into toxic compounds in the environment when they are irradiated by sunlight, so it is important to monitor not only PAHs but also hydroxyl-PAH-quinones in the environment.
INTRODUCTION
Petroleum is the world's most important energy source. One of the drawbacks of oil spills is marine pollution, a serious environmental problem. If these spills remain in the environment, marine organisms are exposed to the chemical compounds in them, with disastrous effects, particularly after tanker accidents [1, 2] . Polycyclic aromatic hydrocarbons (PAHs) are environmental contaminants that are present in petroleum and form as by-products of the incomplete combustion of organic compounds. Polycyclic aromatic hydrocarbons can be detected in the atmosphere [3] , marine core sediments [4] , and living organisms [5] and have spread all over the world. Many reports have been made of intact PAHs in the environment [3] [4] [5] . Exposure to light results in photochemical reactions that enhance the toxicity of PAHs [6] [7] [8] [9] , and they can form photochemical reaction products, such as hydroxyl-PAH-quinones, that have greater toxicity than the parent compounds. For these reasons, it is important to study the environmental existence and toxicity of PAHs and their derivatives.
The present study focused on the PAH anthracene (ANT), some of whose photochemical reaction products have greater toxicity to higher plants than ANT itself [8] . These photochemical reaction products include 9,10-anthraquinone (ATQ), hydroxy-anthraquinones (hATQs), and lower-molecularweight compounds [10] . The reaction pathways of these compounds have been proposed in previous literature [10] . When ANT is irradiated with simulated solar radiation (SSR), it is converted mainly to ATQ via an intermediate. The intermediate has been proposed to be the 9,10-endoperoxide of ANT [10] . The ATQ is then hydroxylated to hATQs, such as 1-hATQ or * To whom correspondence may be addressed (hashimos@u-shizuoka-ken.ac.jp).
2-hATQ. Derivatives of ATQ are important materials in industrial [11] and medical [12] applications, and their toxicities have been reported in a previous study [13] .
To the best of our knowledge, little information exists on the photochemical reaction products of ANT in the environment. The amounts of ANT and ATQ in coastal marine sediments from sites in the northeastern United States have been reported [14] , although the environmental existence of 1-hATQ [15] and 2-hATQ [16] has been reported only by preliminary analysis.
Many natural and synthetic compounds, such as 17␤-estradiol, estrone, 17-ethinylestradiol, diethylstilbestrol, p-nonylphenol, and bisphenol A, are known to have estrogenic activity [17] . Recently, some hydroxylated environmental pollutants have been found to be estrogenic, for example, hydroxylated benzophenones [18] , polychlorinated biphenyls [19] , and PAHs [20] . The photochemical reaction products of ANT have variable toxicity and carcinogenicity to organisms such as higher plants and August Copenhagen Irish rats [8, 13] . Photosensitization and photomodification of PAHs are mechanisms related to the enhancement of toxicity, and it is therefore important to evaluate the estrogenic activity of both the primary compounds and their photochemical reaction products. Although some hydroxyl-PAHs have been reported to interact with estrogen receptors and show weak estrogenic activity [20] , the estrogenicity of such ANT derivatives has never been fully investigated.
Receptor-binding assays, a Michigan Cancer Foundation-7 (MCF-7) cell proliferation assay (estrogen screen, E-screen), and reporter gene assays in animal cell lines have recently been developed as in vitro screening techniques to evaluate estrogenic activity [21] . The yeast two-hybrid system is a popular method. A recently developed yeast two-hybrid assay has Fig. 1 . Structures of anthracene (ANT) and nine of its derivatives used: ATQ ϭ 9,10-anthraquinone; 1-hATQ ϭ 1-hydroxyanthraquinone; 2-hATQ ϭ 2-hydroxyanthraquinone; 1,4-dhATQ ϭ quinizarin; 1,5-dhATQ ϭ anthrarufin; 1,8-dhATQ ϭ danthron; 1,2-dhATQ ϭ alizarin; 1,2,4-thATQ ϭ purpurin; 2,6-dhATQ ϭ anthraflavic acid. attracted attention because it allows detection of the presence of endocrine disruptors in a relatively short period of time [17] . Subsequently, a modified method has been developed as a more rapid and simpler detection system [22] .
Our primary objective was to develop a method of determining the concentrations of ANT and its photochemical reaction products, including hATQs, in seawater and to use it to test seawater samples off the coast of Japan. Our secondary objective was to evaluate the estrogenic activity of the photochemical reaction products of ANT and their contribution to environmental estrogenic contamination.
MATERIALS AND METHODS

Chemicals
The structures and abbreviations of our target compounds are shown in Figure 1 . Anthracene (99% pure), ATQ (97% pure), quinizarin (1,4-dihydroxyATQ; 96% pure), anthrarufin (1,5-dhATQ; 85% pure), danthron (1,8-dhATQ; 96% pure), alizarin (1,2-dhATQ; 97% pure), purpurin (1,2,4-trihATQ; 90% pure), and anthraflavic acid (2,6-dhATQ; 90% pure) were purchased from Sigma-Aldrich (Tokyo, Japan). The 1-hATQ (Ͼ95% pure) and 2-hATQ (90% pure) were purchased from Tokyo Kasei Kogyo (Tokyo, Japan). These reagents were used without further purification. Pesticide residue grade solvents and chemicals were obtained from Wako Chemical (Tokyo, Japan).
Study sites and water collection
Tokyo Bay, with a surrounding population of nearly 26 million, is one of the most polluted areas in the world and has been the subject of many studies of environmental contaminants. For example, studies of fluorescent whitening agents [23] and haloacetic acid [24] have been reported in the past decade. Additionally, histological abnormalities in the gonads of konoshiro gizzard shad (Konosirus punctatus) [25] and flounder (Pleuronectes yokohamae) [26] were found in samples from inner areas of Tokyo Bay. For our current study, surface seawater samples from Tokyo Bay and Suruga Bay were collected in a stainless-steel bucket. The sampling sites are shown in Figure 2 , and their latitude, longitude, collection date, depth, water temperature, and pH are shown in Table 1 . Precleaned brown glass bottles (5,000 ml) were rinsed with seawater three times, then filled with sample water and capped.
Samples were brought to the laboratory within 1 d and stored at 4ЊC.
Chemical analysis procedure
Chemical analysis was performed with a gas chromatograph (GC; HP 5890 series II, Agilent Technologies, Wilmington, DE, USA) mass spectrometer (MS; HP5971 MSD) using selected ion monitoring. Standard and sample extract solutions were analyzed by injecting 1 l of solution using a 7673-series autoinjector (Agilent Technologies). Separation was done in a 30-m DB-5MS capillary column (0.25-mm i.d., 0.25-m film, J&W Scientific, Folsom, CA, USA). The GC oven temperature was programmed with a starting temperature of 90ЊC for 2 min, followed by a 10ЊC/min temperature increase to a final temperature of 290ЊC, which was held for 5 min. Identification was made by retention times and ion ratios. The hATQs were detected after trimethylsilylation with N,O-bis(trimethylsilyl)trifluoroacetamide with 10% trimethylchlorosilane ([BSTFA] ϩ 10% TMCS, Pierce, Rockford, IL, USA). Standardization was done with anthracened 10 for all the compounds. Silylation reaction time was optimized and found to be 60 min.
The rates of recovery of the target compounds were also optimized. Each test compound was dissolved in acetonitrile to 5 mg/L, and 100 l of this solution were added to 500 ml of seawater from Suruga Bay (station 8) to give a final concentration of 1 g/L of each test compound. The 500 ml of spiked seawater were filtered through a glass microfiber filter GF/C 47 mm (Whatman International, Maidstone, UK) and extracted by a 47-mm solid-phase Empore disk (3M, St. Paul, MN, USA), either after acidification with 1 ml concentrated HCl to about pH 2 or with no acidification. Two solid-phase disks, octadecyl silica (C 18 ) [27] and polystyrene-divinylbenzene copolymer (SDB-XC) [28] , were used for the extraction. The solid-phase disks were cleaned with 5 ml dichloromethane, 5 ml methanol, and Milli-Q water (Millipore, Bedford, MA, USA). After the seawater had been extracted by the solid phase, the target compounds were eluted with 5 ml acetone and 15 ml dichloromethane. The extract was filtered and dehydrated by passage through a column of anhydrous sodium sulfate. The organic solution was concentrated in a rotary evaporator, and the solvent was changed to acetonitrile under a nitrogen stream at less than 28ЊC. After derivatization of the sample with BSTFA (50 l), the concentrations of ANT and its derivatives were measured by means of GC-MS. The extraction procedure was done in triplicate.
Application of the procedure for measurement of ANT and its derivatives in seawater
We used 1,000 ml of seawater to detect ANT and its derivatives. Ultimately, the organic layer was concentrated to 200 l. In the case of the sample extraction by means of the C 18 disk, half of each sample was used for the analysis of ANT and ATQ. The BSTFA was not added to these samples because BSTFA increased the background level of the chromatogram. The rest of the concentrated organic layer was used for the analysis of 1-hATQ, 1,5-dhATQ, and 1,8-dhATQs after derivatization with BSTFA (50 l). Similarly, the samples extracted by SDB-XC were used for analysis of 2-hATQ, 1,4-dhATQ, 1,2-dhATQ, 1,2,4-thATQ, and 2,6-dhATQs. Each sample was measured in duplicate or triplicate.
Stability of ANT and its derivatives in seawater
The stability of ANT and its derivatives stored in seawater was examined by modifying the methods that are used for the study of estradiol and ethinylestradiol degradation [29] . Briefly, the ANT and its derivatives (each concentration: 1 g/L) were incubated in the dark at 20.0 Ϯ 0.15ЊC in precleaned glass bottles with seawater collected at station 8, and the concentrations of these compounds were measured in a 1,000-ml sample 0, 2, 4, 8, and 24 d after incubation began.
Estrogenicity assay
We used a rapid and simple operational estrogenicity assay system with the yeast two-hybrid system, based on the liganddependent interaction of two proteins (a hormone receptor and a coactivator), and detected hormonal activity on the basis of ␤-galactosidase activity [22, 30, 31] . Recombinant yeast with the estrogen receptor ER␣ and coactivator TIF2 was provided, and a method of screening for chemicals with hormonal activity was developed using the yeast Y190 (selected by growth on medium lacking tryptophan and leucine) in which two expression plasmids, the pGBT9-estrogen receptor ligand-binding domain (pGBT9-ER LBD) and pGAAD424-TIF2, were introduced [32] . Subsequently, we developed a modified procedure to simplify this method and improve its sensitivity by adapting the 96-well plate-culture method and the chemiluminescent reporter-gene assay method [22] . An Aurora GAL-XE kit containing chemiluminescent substrate, reaction buffer, and accelerator was purchased from ICN Pharmaceuticals (Costa Mesa, CA, USA). Zymolyase 20T was purchased from Seikagaku (Tokyo, Japan). Rat liver S9 was purchased from Kikkoman (Tokyo, Japan).
The estrogen agonist activities of ANT, ATQ, and the eight hATQ compounds in Figure 1 were examined. In addition, the activities of other low-molecular-weight photochemical reaction products of ANT, such as 2,5-dihydroxybenzoic acid, 2-hydroxy-1,4-naphthoquinone, and salicylaldehyde, were assessed [10] . Anthrarobin, 2-hydroxydibenzofuran, 2-hydroxyfluorene, 2-hydroxy-9-fluorenone, and 9-phenanthrol were also assessed to compare the estrogenic activities of target compounds with those of other hydroxyl-PAHs; 2-hydroxydibenzofuran, 2-hydroxyfluorene, and 2-hydroxy-9-fluorenone have been reported to have estrogenic activity [20] . Differences in the intensity of the chemiluminescent signal between samples (four or more times) and a blank control were tested by means of one-way analysis of variance (ANOVA). The chemiluminescent signals were significantly higher in the samples (four or more times) than that of the blank control (p Ͻ 0.002, ANOVA). Therefore, we defined a positive agonist as occurring when the target chemical increased the chemiluminescent signal to four or more times that with a blank control.
To evaluate the estrogenic activity of the metabolites of test chemicals, we also carried out an estrogenicity assay with S9 metabolic activation using rat liver S9. To analyze the estrogenic activity of the metabolic compounds, we also performed the ϩS9 test based on rat liver S9. The result of our bioassay of the S9 fraction indicated the estrogenic activity of the metabolic compounds.
Antagonistic assay
We used an antagonist assay system for estrogen receptors that employ a yeast two-hybrid system in which a yeast toxicity test (Ytox test) is incorporated. The principle of the yeast antagonist test for estrogen receptor is measurement of the inhibition of expression of ␤-galactosidase by competitive estrogen receptor-binding reaction between the test chemical substance and 17␤-estradiol added to the medium at 300 pM 
Vibrio assay
The toxicity test based on the response of Vibrio fischeri (the VF test) measures the inhibition of bacterial luminescence by test substances. We also performed the VF test to detect acute toxicity of the test chemicals. This test was performed as described previously [33] .
Briefly, the V. fischeri cultures were seeded into a 96-well culture plate with T medium prepared with peptone, glycerol, NaCl, MgSO 4 , KCl, and K 2 HPO 4 . Assays were established in triplicate with the test chemicals and blank (T medium containing 4% dimethyl sulfoxide). The intensity of chemiluminescence was measured with an AB2100 Luminescencer (ATTO, Tokyo, Japan). Chemicals were defined as nonactive if the luminescent signal remained between 90 and 100% of the level measured for the control. Differences in the intensity of the chemiluminescent signal between the samples (80-89%) and the blank control were tested by means of ANOVA. The chemiluminescent signals were lower in the samples (80-89%) than in the blank control (p Ͻ 0.05, ANOVA). Therefore, weak was defined as a statistically significant effect at a concentration of 10M.
Data analysis
We applied a sigmoidal dose-response regression model to calculate EC50 using the GraphPad Prism 4 software (Ver 4.02; GraphPad Software, San Diego, CA, USA). The EC50 is the concentration at which the chemiluminescent signal of 17␤-estradiol was inhibited by 50%. The 10ϫ is the concentration at which the ratio of the chemiluminescent signal of the sample to that of a blank control equals 10. The IC50 values (the concentration at which the chemiluminescent signal was inhibited by 50%) were calculated for those chemicals that inhibited the luminescent signal to a value equal to 0 to 79% of the control value. Statistical analysis of the chemiluminescence results was tested by means of ANOVA. We used Bonferroni posttest to identify the concentrations that are significantly different from the control.
RESULTS
Chemical analysis of ANT and its derivatives
The ions we monitored and their retention times (RTs) are shown in Table 2 . The recovery rates of each compound, together with the solid-phase disk used and the detection limit, are presented in Table 3 . The recovery rates of some compounds were increased by acidification. For example, the recovery rates without acidification of seawater were 77.5% (1-hATQ), 50.9% (2-hATQ), 21.2% (1,4-dhATQ), 32.9% (1,5-dhATQ), 51.0% (1,8-dhATQ), 18.2% (1,2-dhATQ), 0.0% (1,2,4-thATQ), and 8.2% (2,6-dhATQ). Recovery rates with acidification from test samples from station 8 at Suruga Bay are shown in Table 3 . Thus, acidification of seawater increased the recovery rate of hATQs.
The analytical procedure used to detect each compound is summarized in Figure 3 . Target compounds were extracted from seawater by using two different solid-phase disks. The results indicated that extraction with both C 18 and SDB-XC was needed for the measurement of these compounds in seawater. Therefore, we developed an analytical procedure that involved both the acidification of seawater before solid-phase extraction and the use of both C 18 and SDB-XC disks. The recovery rates of some compounds varied with the disk used. For instance, when 1,8-dhATQ was extracted by SDB-XC, the recovery rate was 38.1% (100% with C 18 ; Table 3 ). On the other hand, when 1,2-dhATQ and 1,2,4-thATQ were extracted R. Kurihara et al. b ANT ϭ anthracene; ATQ ϭ anthraquinone; 1-hATQ ϭ 1-hydroxyanthraquinone; 2-hATQ ϭ 2-hydroxyanthraquinone; 1,4-dhATQ ϭ quinizarin; 1,5-dhATQ ϭ anthrarufin; 1,8-dhATQ ϭ danthron; 1,2-dhATQ ϭ alizarin; 1,2,4-thATQ ϭ purpurin; 2,6-dhATQ ϭ anthraflavic acid. c Determined from spiked seawater (1 g/L) using an Empore disk, followed by derivatization with N,OϪ bis(trimethylsilyl)trifluoroacetamide (BSTFA) and gas chromatographic/mass spectrometric analysis. d Signal-to-noise ratio of 3 : 1 was define as being the detection limit. e C 18 ϭ octadecyl silica. f SDB-XC ϭ polystyrene-divinylbenzene copolymer. Fig. 3 . Analytical procedure used to determine concentrations of anthracene (ANT) and its derivatives in seawater. C 18 ϭ octadecyl silica; SDC-XC ϭ polystyrene-divinylbenzene copolymer; GC-MS ϭ gas chromatography/mass spectrometry; ANT ϭ anthracene; ATQ ϭ 9,10-anthraquinone; 1-hATQ ϭ 1-hydroxyanthraquinone; 2-hATQ ϭ 2-hydroxyanthraquinone; 1,4-dhATQ ϭ quinizarin; 1,5-dhATQ ϭ anthrarufin; 1,8-dhATQ ϭ danthron; 1,2-dhATQ ϭ alizarin; 1,2,4-thATQ ϭ purpurin; 2,6-dhATQ ϭ anthraflavic acid. Figure 2 for details. d BD ϭ below the limit of detection.
by C 18 , the recovery rates were 34.5% (90.2% with SDB-XC; Table 3 ) and 5.9% (149% with SDB-XC; Table 3 ), respectively.
We used a 1,000-ml sample of Milli-Q water (n ϭ 3) as a blank. No target compound peaks were observed in the chromatogram of this blank, confirming that no contamination occurred during the extraction procedure. Table 4 shows the concentrations of ANT, ATQ, and the eight hATQs in seawater from Tokyo Bay and Suruga Bay. Anthracene, ATQ, and four hATQs were detected in the seawater. These compounds were present at concentrations in the order of nanograms per liter in the sampled areas. The ATQ was detected at high concentrations at stations 3 and 4, where low conductivity was measured (station 3: 5.8 ms/cm, station 4: 9.8 ms/cm). Concentrations of ATQ, 2-hATQ, and 2,6-dhATQ were higher than those of the parent compound ANT, except at stations 2 and 4. The relative molar amount of ATQ ranged from 5.6 to 120 times higher, 2-hATQ from 0.74 to 5.4 times higher, and 2,6-dhATQ from 0.74 to 2.6 times higher than ANT values observed at stations 1 to 8.
Concentration of ANT and its derivatives in seawater
Stability of ANT and its derivatives in seawater
The stability of ANT and its derivatives were analyzed in seawater collected at station 8. Table 5 shows the half-lives of ANT and its derivatives in seawater. The results indicated that ATQ was the most stable compound in the seawater. Concentrations of eight of the compounds (excluding ATQ and 1,5-dhATQ) decreased to less than 20% of their initial values after 24 d. Concentrations of ANT, 2-hATQ, and 2,6-dhATQ decreased only slightly during the first 8 d, then decreased rapidly. The slight decrease during the first 8 d may reflect the length of time taken for the microbial system to adapt sufficiently to be able to efficiently decompose these compounds. Similar results were obtained in a decomposition experiment that studied anthracene in soil [34] . Figure 4a and b and Table 6 show the estrogen agonist activities of ANT and its photochemical reaction products. The 10ϫ is the concentration at which the ratio of the chemiluminescent signal of the sample to that of a blank control was 10. The positive controls were 17␤-estradiol for the ϪS9 test and trans-stilbene for the ϩS9 test. No activity of trans-stilbene occurs in this assay without S9 metabolic activation [17] . Of the ANT derivatives, 2-hATQ and 1,2-dhATQ showed estrogen agonist activity, with 2-hATQ having the strongest activity. We detected 2-hATQ at the test areas ( Table 4 ). The estrogenic activity of 2-hATQ was similar to that of p-nonylphenol (10ϫ ϭ 1.2 ϫ10 5 ng/L) [22] , a well-known environmental estrogen. The environmental concentrations of 2-hATQ were lower than that of p-nonylphenol (e.g., in Tamagawa River water entering Tokyo Bay, 50-170 ng/L [35] ). However, PAHs and their derivatives become significant toxic chemicals that are already present as contaminants in petroleum and that form as by-product of the incomplete combus-1990 Environ. Toxicol. Chem. 24, 2005 R. Kurihara et al. Table 6 . Estrogen agonist activities, estrogen antagonist activities, and toxicities to yeast and Vibrio fischeri of anthracene (ANT), photochemical reaction products of ANT, and hydroxyl-polycyclic aromatic hydrocarbons Compounds reported as estrogen agonists (Schultz et al. [20] ).
Estrogen agonist activities of ANT and its derivatives
Compound a Agonist 10ϫ (ng/L) b ϪS9 ϩS9 Antagonist EC50 (ng/L) c ϪS9 ϩS9 Ytox test IC50 (ng/L) d ϪS9 ϩS9 VF test IC50 (ng/ L) e ANT ATQ 1-hATQ 2-hATQ 1,4-dhATQ - f - - 1.19 ϫ 10 5 - (0.902) h - - - - - - - - - - - - 4.70 ϫ
Presence and estrogenicity of anthracene derivatives
Environ. Toxicol. Chem. 24, 2005 1991 tion of organic compounds, and these compounds are present throughout the world. We compared the estogenicities of ANT derivatives with those of hydroxyl-PAHs, such as 2-hydroxydibenzofuran, 2-hydroxyfluorene, and 2-hydroxy-9-fluorenone, the estrogenicity of which has been reported previously [20] . These three compounds also showed estrogenic activity by our methods ( Table 6 ). The estrogen agonist activity of 2-hATQ (1.19 ϫ 10 5 ng/L) was slightly stronger than that of 2-hydroxy-9-fluorenone (1.86 ϫ 10 5 ng/L), which has been reported to be the strongest estrogenic compound among the estrogenic PAHs [20] .
In the estrogen agonist ϩS9 test, 2,6-dhATQ showed estrogenic activity (Table 6 ). Its estrogenic activity was about one-fifth of that of trans-stilbene, the positive control in the ϩS9 test. This result suggested that 2,6-dhATQ is transformed to estrogenic compounds when it is metabolized in the liver. The 2-hydroxyfluorene showed estrogenic activity in both the ϩS9 and the ϪS9 test, suggesting that it might be hard to metabolize or may be transformed to other estrogenic compounds by ϩS9 tests.
Estrogen antagonist activities of ANT and its derivatives
The estrogen antagonist activities of the test substances are shown in Figure 4c and d and Table 6 . The yeast antagonist test measured the inhibition of expression of ␤-galactosidase caused by competition between the test substance and 17␤-estradiol. The positive control was 4-hydroxy-tamoxifen (4-hTF). Toxicity to yeast was evaluated by the IC50 of the Ytox test. The compounds 2-hATQ, 1,4-dhATQ, 1,8-dhATQ, 1,2-dhATQ, 1,2,4-thATQ, 2-h-1,4-naphthoquinone, anthrarobin, 2-h-9-fluorenone, and 9-phenanthrol showed toxicity to yeast, and these compounds were more toxic to yeast after they were treated with rat liver S9 than with no S9 treatment ( Table 6 ). The results of the yeast estrogen antagonist test were evaluated in light of the results of the Ytox test. When the EC50 value of the estrogen antagonist test was four times smaller than the IC50 value of Ytox test, the chemical was considered to be positive in the antagonist test. Statistical significance was tested by means of two-way ANOVA. The result showed that the chemical was positive in the antagonist test (p Ͻ 0.0001). Therefore, we chose to define the chemical as an antagonist. We then needed to decide whether the decrease in the chemiluminescent signal was caused by antagonist activity or toxicity to yeast. Some compounds had estrogen antagonist activity with or without S9. In the ϩS9 test, 1-hATQ had estrogen antagonist activity. This compound was also detected in seawater from some of the test sites (Table 4 ). This result suggests that 1-hATQ might have estrogen antagonist activity when taken up by organisms.
Toxicity to V. fischeri Figure 4e and Table 6 show the toxicities of the test compounds to V. fischeri. The VF test evaluated the acute toxicity as the concentration at which the luminescent signal of these bacteria was inhibited to 50%; it was assessed for those chemicals that, in the original samples, inhibited the luminescent signal in the range 0 to 79%.
When the tested chemical decreased the signal to a level equal to 80 to 89% of the control value, we regarded the chemicals as exhibiting weak toxicity. The 2-hATQ, 1,4-dhATQ, and 1,2-dhATQ showed weak toxicity to V. fischeri. Of the target compounds, 1,2,4-thATQ was the most toxic to V. fischeri. These results showed that photochemical reaction of ANT produces a variety of toxic compounds, whereas the parent compound does not have these toxicities.
DISCUSSION
Little information exists on the action of hydroxyl-PAHquinones, in particular hATQs, in the environment, though many reports have described the concentrations of intact PAHs in the atmosphere [3] , marine core sediments [4] , and living organisms [5] . Photochemical reaction products, such as 1-hATQ and 2-hATQ, have only tentatively been identified in previous reports on sediment pore water [15] and contaminated sediment [16] . The silyl derivatization method has been used in the measurement of low-volatility polar compounds. These polar compounds show low sensitivity and tailing in GC analysis. Highly volatile derivatives can be obtained by means of the silylation reaction. We found that analyzing hATQs using silyl derivatization of samples was successful, with high sensitivity (at the ng/L level). The BSTFA is widely used to react with hydroxyl compounds [36, 37] . Silylation using BSTFA made it possible to perform highly sensitive analysis of hATQs by GC-MS. It was reported previously that the matrix-induced chromatographic enhanced detection of the chemicals was observed in the analysis by GC [38] . The matrix protects the compounds from adsorption and decomposition in the hot vaporizing injectors and thereby ensures a more complete transfer from the injector to the column compared with the results observed when standards dissolved in matrix-free solvent are used. This could be one reason why our recovery rates exceeded 100% in some cases.
Ours is the first report to identify and quantify eight kinds of hATQs in seawater. Our results showed high concentrations of ATQ, 2-hATQ, and 2,6-dhATQ relative to the parent compound ANT in seawater off a heavily populated area of Japan (Table 4) . Of the target compounds, ATQ was detected at the highest concentration in seawater. McKinney et al. have reported the ratio of the concentration of ATQ to that of ANT in coastal marine sediments to be between 0.317 and 2.81 [14] . However, the ratios of the concentration of ATQ to that of ANT in our coastal Japanese samples were between 6.6 and 140, with the exception of the samples from station 7, where ANT was not detected. This disagreement may be related to differences in the octanol-water partition coefficients (log K ow ) of ANT and ATQ. The log K ow of ANT is 4.45, and that of ATQ is 3.34 [39] . As ANT is more hydrophobic than ATQ, a disagreement might exist between the ratios of the concentrations of ANT and ATQ in sediment and seawater.
Stability against photochemical reactions and biodegradation would also contribute to the distribution of ANT and its derivatives in the marine environment. Our data showed that ATQ was the most stable compound in seawater (Table 5) . Previous studies have examined the stability of ANT and its photochemical reaction products to SSR [8, 10] . The ultraviolet radiation present in the solar spectrum will photomodify parent compounds as well as contribute to chemical degradation. These data showed that the half-lives of ANT and ATQ were 2.0 and 1.8 h, respectively [8, 10] . The 2-hATQ and 2,6-dhATQ are stable to SSR and are end products of the photochemical reaction of ANT [8, 10] . Hydroxyl-PAH-quinones detected in the environment may be formed by photochemical reactions or by biodegradation from PAHs, or they may be discharged in waste from industrial processes.
We also determined the estrogenic activities of the pho-tochemical reaction products of ANT. For example, 2-hATQ had estrogen agonist activity, and 1-hATQ treated with rat liver S9 had estrogen antagonist activity, although the parent compound ANT did not show these activities (Table 6 ). Mechanisms for the estrogenicity of various compounds have been proposed. For example, most estrogen agonists have a phenol ring with a moiety of appropriate hydrophobicity at the para position, and substitution of a bulky moiety at the ortho position reduces their activity [17] . Photomodification reactions of PAHs could result in such toxicities not shown by the parent PAHs. Because of this phenomenon, a need exists to investigate the distribution and behavior of hATQs and to estimate the fate of these compounds in the marine environment. Moreover, in this study, toxic compounds, such as hydroxyl-PAH-quinones, may exist at higher concentrations than intact PAHs in the marine environment ( Table 4 ). The literature shows many instances of photomodified PAHs in atmospheric particulate matter [40] ; further studies of the environmental existence of derivatives of other PAHs are needed because contamination by PAHs is frequently reported in the marine environment [4, 5] . Seawater samples contained 2-hATQ at concentrations ranging from 1.6 to 5.5 ng/L, and this chemical showed estrogenic activity similar to that of p-nonylphenol. The results suggest the importance of studying the distributions of PAH derivatives as well as of PAH in the environment and of the possible environmental effects of the compounds that demonstrated estrogenicity, toxicity, and estrogen antagonism.
CONCLUSION
We observed hATQs in seawater near two populated areas of Japan. The concentrations of photochemical reaction products of ANT, such as ATQ and 2-hATQ, were generally larger than those of ANT. Both estrogen agonist activity and estrogen antagonist activity were found among the hATQs that were the products of photochemical reactions of ANT. The photochemical reaction products of ANT had estrogen agonist or antagonist activity with or without being metabolized by rat liver S9. Our data indicate the importance of monitoring not only ANT but also hATQs. Photochemical reaction products may also exist for other PAHs in the marine environment, so both intact PAHs and hydroxyl-PAH-quinones should be monitored.
